Single nucleotide polymorphisms (SNPs) represent an important type of dynamic sites within the human genome. These common variants often locally correlate into more complex multi-SNP haploblocks that are maintained throughout generations in a stable population. The information encoded in the structure of common SNPs and SNP haploblock variation can be characterized through a normalized information content (NIC) metric. Such an intrinsic measure allows disparate regions of individual genomes and the genomes of various populations to be quantitatively compared in a meaningful way.
In developing metrics for the interaction of the human genome with its environment, the genomic environment serves as a stochastic bath driving variations within a locally viable population. Since the SNPs are highly interacting dynamic sites, they are often very highly correlated into SNP haploblocks that are maintained with fixed frequencies within a given stable population. Combinations of SNPs that are very highly correlated within a population are said to be in linkage disequilibrium, indicating that only certain combinations of the alleles that make up the haploblock are linked in a manner that is generationally maintained. Population groups can therefore be defined by the maintained order and diversity of the genome as a functional whole with its environment.
One should also note that certain SNP allelic combinations never appear within the viable SNP haploblocks, indicating that the dynamically independent statistical micro-states are those combinations of SNP alleles describing haplotypes within SNP haploblocks, in addition to those associated with SNP sites that are not in linkage disequilibrium with any other SNPs. The linkage of several SNPs as conserved units that are passed between generations represents a type of statistical phase transition in forming complex dynamic units for a population within a given environment. The set of all SNP correlated variants in the genome encodes whatever information is maintained within a given population-environmental system. It is therefore very useful to develop information metrics that can quantify viable variation in the human genome.
Entropy and information
Information can be quantified in terms of the maintained order of a given system. In the physical sciences, the concept of entropy quantifies the dis-order of a physical system (Susskind, 2005) . Therefore, entropy can serve as an additive measure of genodynamic variation within a population. This is done by taking the logarithm of multiplicative independent probabilities p h , which define the surprisals log 2 p h . The specific (or per capita) entropy of a SNP haploblock consisting of a set of strongly dependent bi-allelic SNPs is taken to be the statistical average of this additive measure For bi-allelic SNPs that are not in linkage disequilibrium, there are only 2 possible states at that location. Therefore, the entropy of the SNP location (S) takes the form represents the probability (frequency) that allele a occurs in the population. As defined here, the entropy has no dimensional units. The total specific entropy of the genome in the specified environment is given by the sum over all genetically viable blocks, including correlated SNPs in the haploblocks, along with individual SNPs between the haploblocks that are not in linkage disequilibrium,
. This insures that all dynamic SNP degrees of freedom are included in calculating the genomic entropy. Because this entropy measure is additive, it also quantifies the entropy within any region of the genome. The overall entropy of a population distribution S Population is proportional to the size of the population N Population , i.e S Population = N Population s Genome , making entropy an extensive state variable.
Since entropy is a measure of the disorder of a distribution, a system with maximum disorder is one of maximum entropy. In contrast, the information content (IC) of a distribution is measured by the degree of order that the distribution has relative to a completely disordered one, i.e., the difference between the entropy of the distribution from that of a completely disordered distribution;
. Such an information measure is likewise additive due to the additive nature of the entropy (Lindesay, 2013) .
In our previous work (Lindesay, 2012) , a normalized information metric was developed as a means of comparison of the information contained within specific regions of the genome, as well as between various populations. This normalized information content (NIC) value ranges between 0 and 1, where a value of zero indicates a completely random allelic distribution, while a value of unity represents a homogeneous allelic distribution without variation. The NIC for a given SNP haploblock (H) is defined by
One should note that unlike the information content, NIC is not an additive measure for multi-SNP haploblocks. The information measure for the whole genome in an environment must be calculated using the total number of SNP locations in the genome, as well as the total specific entropy of the genome.
Statistical energetics
The statistical "genomic energy" of a population in a given environment is expected to be an additive (extensive) state variable that depends upon the entropy, the populations of various allelic constituencies, and possibly the "genomic volume" of the environment, if population pressures have a significant effect upon the environment. This functional dependence of the contribution of haploblock H to this average genomic energy U can be expressed using the differential expression 
Π
represents any "partial pressure" by the haploblock on the environment that would result in contributing expansion of the genomic "volume" V (H) . In all subsequent expressions, any genomic effects that would modify the genomic volume will be neglected 0
As is the case for thermodynamics and statistical physics, it is quite convenient to define an additive free energy state variable that is most naturally expressed as a function of the potential of the environmental bath T E and the populations, through the Legendre transformation
A focus upon the free energy as the fundamental dynamic state variable has the advantage of inherently including environmental-genomic interchanges as necessary considerations in describing the dynamics. It is a particularly convenient parameter for describing dynamics in a fixed environmental bath for which dT E =0. As one recognizes that living cells have evolved their cellular functions within the warm, wet physiologic environment, one can safely conclude that a homeostatic living population distribution has evolved directly in association with the ecosystem within which it is being characterized. Thus, we assert that the evolution of living populations cannot be separated from their interchanges with the environment. In a statistical environment that is stochastically varying, it is the genomic free energy rather than the genomic energy that is minimized. The genomic free energy is a state variable that balances between conservation and variation of SNP haplotypes within an environment.
For the genome, only the site locations and bi-allelic nature of the specific SNPs are conserved parameters. However, the biological function associated with a given SNP location can be drastically altered by the allelic content of other SNPs within its proximity. In addition, phase transitions involving the stability of SNP haploblock structures are common between differing populations, resulting in non-conservation of the number and SNP composition of the haploblocks. This is in marked contrast to the standard micro-units in statistical physics, whose universal energy states are only weakly dependent upon the environment, and have well defined conservation properties with regards to the creation of new states (or changing dynamic degrees of freedom). Therefore, rather than seeking universal energy measures that are independent of the genomic environment, the emphasis here will be placed upon establishing convenient genomic measures of the dynamics that are inseparably coupled with environmental parameters.
Since the allelic potentials, given by
, are the parameters in the environmental bath that dynamically couple to the SNP haplotype unit h, the formulation will be developed in a manner that most directly interprets these genomic energy measures. . Re-writing the variation of the genomic free energy in terms of the population then gives
Population Stability
Values for all of the additive genomic state variables can be likewise assigned to those SNPs that are not in linkage disequilibrium by simply replacing the particular haploblock index (H) in any of the previous formulas with the SNP location (S). The total genomic free energy will be a sum over all SNP haploblocks and non-linked SNPs given by
We will next examine the condition that a stable population is defined by the genomic data. Our condition will require that the genomic free energy be a minimum under changes in the population within the static environment when the population is stable, i.e.,
From (Eqn. 7) for the genomic free energy in terms of block potentials and SNP potentials, holding the environmental potential and frequencies fixed, the population is seen to be stable if the overall genomic free energy satisfies
Our population stability condition incorporates Hardy-Weinberg equilibrium (Hardy, 1908; Weinberg, 1908) in population genetics. Hardy-Weinberg equilibrium asserts that in order for the genomic distribution to meaningfully represent a stable population, the various frequencies of haplotypes and alleles should be mathematically stable within the distribution. Since the frequencies directly determine the block and SNP potentials, a requirement that these environmentally dependent potentials remain fixed and sum to zero satisfies Hardy-Weinberg equilibrium. Such stable populations maintain the distribution of SNPs throughout the generations within the given environment. The average allelic potential within a SNP haploblock
will be referred to as the block potential for haploblock (H), while the average allelic potential at a non-linked SNP location
will be referred to as the SNP potential for location (S). The genomic average allelic potential µ Genome , which is the sum over all block potentials and SNP potentials, is seen to vanish if the population
does not increase or decrease. This means that a stable population is balanced with regards to its overall sum over allelic potentials, µ Genome =0. The genomic free energy is lowered by a population with negative overall genomic potential µ Genome <0 if its size increases, while if µ Genome >0 the genomic free energy is lowered if the population decreases.
As is the case in thermodynamics, the allelic potentials
are expected to scale relative to the environmental parameter T E , and allelic potential differences should directly reflect in the ratio of the frequencies of occurrence of those haplotypes within the population. A functional form that has these properties is given by
A genomic energy unit (GEU) μ will be defined as the unique allelic potential that will insure that a single (bi-allelic) SNP will be in its state of highest variation 2 1 = p within the given species. Similarly, a haploblock with n (H) SNPs in its state of highest variation with all mathematically possible haplotypes occurring with frequencies
The unit μ will be universal across all populations of a given species. Solving the previous equation, the allelic potential of the haplotype h or allele a in an environmental bath characterized by environmental potential T E can be expressed as
where the allelic potential for a single non-linked SNP location (S) has 1
. Using our identifications, a lower allelic potential is then associated with a higher conservation of the SNP haplotype within the population, as high entropy is associated with large variation within the population. The ability to assign a well defined genomic energy measure for an individual haplotype once the environmental potential T E is known allows this formulation to establish biophysical measures beyond statistical statements about the population as a whole. Using this measure, the dependence upon environment of individual SNPs that are not in linkage disequilibrium, as well as SNP haploblocks that are shared between populations can be established by direct measurements. ) will be defined to be the fixing potential in the given environment. If the allele has this potential, it is homogeneous throughout the population. From (Eqn. 11), this value is directly related to the environmental potential through
Thus, the allelic potential of any single SNP location cannot be determined to be less than the fixing potential through measurements in a single environment. expressed in terms of the probabilities into the population stability condition, an explicit expression of the environmental potential can be obtained:
is the total number of SNP locations on the genome. The average allelic potential for a given SNP haploblock, which has been defined as the block potential of that haploblock, then satisfies
This result has been obtained by simply taking the statistical average of the allelic potentials in (Eqn. 11), and substituting the expression for the environmental potential in terms of the genomic normalized information content (NIC).
These measures of genomic potentials have several convenient features:
• The environmental potential T E is inversely proportional to the information content (IC) of the whole genome. Low IC results from a high environmental potential, while a completely conserved genome has the lowest possible environmental potential, which with our definition has the value of one genomic energy unit μ =1 GEU. A population with a completely disordered genomic distribution would inhabit an environment with infinite environmental potential.
• SNP haploblocks that are highly conserved relative to the whole genome will have negative block potentials, while those that are highly varying will have positive block potentials. The block potentials typically lie within the range specified by µ µ µ)
(although the lower bound is not rigorously required).
• The number of highly correlated SNPs within the haploblock ) ( H n amplifies S NP haploblock allelic potentials.
One should note that while the environmental potential T E , the block potentials
and the SNP potentials µ (S ) can only be defined for a population as a whole, the individual allelic potentials
and µ a (S ) define an overall allelic potential for each individual in the population:
where the SNP haplotypes h and alleles a are unique to the individual. An individual's overall allelic potential is not a universal parameter, but rather depends strongly upon the environment. Thus, the overall allelic potential of an individual is not a fixed microphysical genomic energy state, in contrast to the energetics of particles in statistical physics. An environment within (Eqn. 13) (Eqn. 14) (Eqn. 15) which an individual haplotype or allele has a negative allelic potential tends to conserve that characteristic, while an individual haplotype or allele that has a positive allelic potential provides diversity and viable genomic variation within that environment. The value of the allelic potential gives a direct measure of the dynamic (un) favorability of a haplotype as a function of the environment.
III. Spectrum of block potentials
To demonstrate the usefulness of the previously defined genomic state variables, the parameters will be calculated using genomic data for stable populations. The populations that have been chosen for comparisons will be the Yoruba population of West Africa (YRI) and the central European population (CEU) (International HapMap Consortium, 2005) . We have chosen representative large, medium and small chromosomes (1, 6, 11, 19, and 22) within the genome to examine the uniformity of the genomic potentials within the genome, and comparisons between populations. The analysis of data for the whole genome continues, and remains consistent with the results presented. Only the accuracy of the environmental potential T E is increased by including more chromosomes.
Our formulation requires that the SNP haploblock structure that codifies the linkage disequilibrium between local SNPs be established for a given population. For this purpose, we use Haploview, which is a software package in the public domain that is in general use. We constructed SNP haploblocks spanning chromosomes 1, 6, 11, 19, and 22 using the confidence interval algorithm developed by Gabriel et. al. in Haploview v 4.2 from HapMap phase III data. Haploview uses a two marker expectation-maximization algorithm with a partition-ligation approach which creates highly accurate population frequency estimates of the phased haplotypes based on the maximum-likelihood as determined from the unphased input (Barrett, 2005) . Once the block structure of the population has been constructed, we have developed software that takes that data and calculates the genomic state variables.
The calculation of all genomic potentials requires that the environmental potential T E that bathes the genome of a given population be determined. This intensive parameter is directly related to the normalized information content (NIC) of the stable population in the given environment. For the chosen chromosomes, the distributions of the NIC values across the genomes of the two populations are demonstrated in Figure 1 . 
NIC Genome
The uppermost dashed lines in the figure represent a NIC value of 1. Several features are apparent in this diagram. First, the YRI population has overall greater variation, while the CEU population exhibits more conservation, as quantified by its higher overall NIC. In both populations, it is clear that all chromosomes have NIC values within 10% of that of the overall regions of the genome that have been calculated. The larger chromosomes have NIC values that seem to be quite representative of that of each genome, while the smaller chromosomes seem to maintain slightly higher variation. Another feature of those chromosomes examined is that the relative distribution of conservation amongst the chromosomes seems to take the same shape between the two populations. Whether these features are fundamental properties of the human genome remains an unsettled question for further studies.
In order to demonstrate the usefulness of the genomic state variables, rather than overwhelm the reader with the abundance of data contained within all of the chromosomes that have been examined, the parameters will be demonstrated for chromosome 6 of both of the examined populations. It will be assumed that the environmental potential T E that would be calculated from the NIC of the whole genome does not differ significantly from that calculated using the five chromosomes included. This parameter takes the value T E,(YRI) =1.26 GEUs for the YRI population, and T E,(CEU) =1.12 GEUs for the CEU population.
Chromosome 6 has a total of n SNPs =272,242 dynamic and non-dynamic SNP locations, of which 72% are within SNP haploblocks in the YRI population, and 87% within SNP haploblocks for the CEU population. By non-dynamic SNP locations, we mean that the alleles are fixed at those locations in this particular population. Across all chromosomes, those SNPs that are in linkage disequilibrium have higher N IC than those that are not. Generally, multi-SNP haploblocks favor stability and information conservation moreso than single SNP units. For the YRI population, the chromosomal NIC takes the value NIC 6 ≅0.80, while for the CEU population, NIC 6 ≅0.90. For the YRI population, the total (dimensionless) specific entropy of chromosome 6 has a value s 6 =52,765, while in the CEU population it has the value s 6 =26,633.
We next make comparisons of genomic energy measures between the individual SNP haploblocks within chromosome 6. We will develop a genomic energy spectrum by plotting the block potential of a haploblock in genomic energy units as a function of its location on the chromosome. The width of each bar on such a graph will indicate the locations that are in linkage disequilibrium defining a given SNP haploblock. Since the block potential is an average of the allelic potentials of the various haplotypes that make up the haploblock, such genomic energy spectra describe the population as a whole. The genomic energy spectra for chromosome 6 of the YRI and CEU populations are demonstrated in Figure 2 . On the plots, the horizontal axis quantifies the location of the SNPs in each haploblock on the chromosome, while the vertical axis quantifies the block genomic energy in GEUs. The scale of the environmental potential T E is indicated by the uppermost dashed horizontal line, the average value for the allelic potential is indicated by the middle dashed horizontal line, and the fixing potential is indicated by the lowermost dashed horizontal line. The locations of the first and last SNP in linkage disequilibrium on the chromosome are explicitly displayed on the ends of the spectra. Since the overall chromosome has a very small value for the total block potential (from the population stability condition), it was initially expected that the spectrum would display an even distribution of positive and negative potentials. However, it is clear that although those haploblocks contributing positive block potential are uniformly distributed, those haploblocks contributing to negative block potentials are far fewer and more conserved. No highly varying SNP haploblock has a block potential significantly larger than the environmental potential T E . Later we will focus in on the MHC region of this chromosome for a more detailed examination.
It is instructive to directly compare the informatics of chromosome 6 in the two populations. The NIC takes values between zero and one, where a value of zero indicates maximal variation in SNP haplotypes, while a value of one indicates complete sequence homogeneity of the population. We can plot the number of SNP haploblocks within given intervals of NIC as a measure of the proportion of haploblocks that maintain a specific degree of variation. Bar graphs of these proportions are demonstrated in Figure 3 . In the plots, it is clear that the distribution for the CEU population is shifted relative to that of the YRI population, so that there are an increased number of SNP haploblocks with higher NIC. Haploblocks on chromosome 6 in the YRI population display a higher degree of variation than those in the CEU population overall. Also, notice that there are no SNP haploblocks with a NIC value lower than ~0.2. This indicates that many mathematically possible variations of alleles within the haploblocks are not viable within these stable human populations.
Prior to examining the genomic energy spectra in more detail, there is another interesting characteristic of the block potentials that was seen across all of the chromosomes examined. This feature was discovered upon exploring the dependency of the block potentials upon the number of SNP locations within those haploblocks. Although the block potential per SNP varied somewhat for haploblocks containing fewer than ~50 SNPs, the block potential per SNP for larger haploblocks was essentially constant within a given population, regardless of the chromosome examined. For chromosome 6 of the two populations parameterized, the block potential as a function of the number of SNP locations in the haploblock is plotted in Figure 4 . A set of good fits for the block potentials for large haploblocks are given by ( ) ( )GEUs (H) is the number of SNP locations in haploblock H. These results indicate that those SNP haploblocks that are highly conserved are seen to have block potentials that approach the fixing potential µ fixing for the given specific environment times the number of SNP locations in the block.
The MHC region of chromosome 6
To further examine the biophysical interpretations of genomic energies, we will consider the block spectrum of SNP haploblocks in the MHC region for the populations under consideration. This region is important in encoding immune response, and is expected to be particularly sensitive to environmental influences. The block genomic energy spectra for the region from 26,195,488 to 33,389,967 on chromosome 6 for the YRI and CEU populations are demonstrated in Figure 5 . One striking feature of comparison between the spectra is that despite the overall higher diversity of the YRI population as quantified in its considerably lower NIC when compared to the CEU population, within the MHC region the SNP haploblocks of the YRI population has genomic energies that are considerably more conserved ∑ µ . This is also apparent from the lower value for the average block potential demonstrated by the middle dashed lines on the plots. In particular, the most highly conserved haploblock that has been found within any of the chromosomes thus far examined is the block 3013 on chromosome 6 in this region of the YRI population. We will examine the biological functions within this block later.
In order to provide a direct comparison of the block potentials with their corresponding information contents, plots of the NIC vs. block location are illustrated in Figure 6 . This figure demonstrates a shift in the distribution of NIC towards higher values in the CEU population relative to its distribution in the YRI population. For both populations, the average NIC value for this region is higher than that of each overall genome. Our prior studies (Lindesay, 2012) demonstrated that those SNP haploblocks with high NIC tend to be associated with genic regions of the chromosome, while those with low NIC were associated with innate immune regulation and functions that require rapid response to environmental stresses.
We can also examine the genomic energy spectrum of those SNP locations that are not in linkage disequilibrium with any other SNP location. The SNP spectra for the populations examined are demonstrated in Figure 8 . clear from the positive contribution of these SNPs for both populations that these non-linked SNPs contribute to variation within the overall genomes in each environment. An additional feature of these spectra is of interest. The SNP potential for individual SNPs is constrained between the fixing potential and the environmental potential. Although the upper limit is defined through the definitions of the genodynamic parameters, the lower limit can in principle be lower than the fixing potential. If such is the case, its values for individual SNPs would have to be extrapolated using the dynamic dependencies of those SNPs upon environmental parameters derived from multi-population studies. A significant lowering of many of these potentials could Both populations display a significant number (~25%) of highly conserved SNPs that are fixed within the given environments, but an otherwise broad distribution of SNPs over all other NIC values.
Genomic energies of individual alleles
As previously mentioned, once the environmental potential has been determined for a stable population distribution in a specific (stationary) environment, individual genomic energies can be determined for specific haplotypes and alleles within that environment based upon their relative frequencies. A haplotype in an environment that highly favors its conservation will have a significant negative allelic potential lowering the overall genomic free energy of that individual genome. In addition, the variation of individual allelic potentials amongst differing populations can in principle be used to parametrically track the specific environmental dependencies of those potentials. Although we will not explore detailed comparative features of individual alleles within environments in this paper, we will examine exemplar alleles in the MHC region of the YRI population to illustrate the calculation of individual allelic potentials.
We first illustrate the genomic energy of a SNP that is very nearly, but not quite completely, conserved. The SNP rs886420 at location 30987615 on YRI chromosome 6 is not in linkage disequilibrium with any other SNP in this population, and is polymorphic for alleles C and T. This nearly conserved SNP has a (very low) specific entropy of 0.04 and a (very high) NIC value of 0.96. Figure 10 shows the individual allelic potential for rs886420: The contribution of the SNP location to the overall SNP potential is -0.2GEUs. In particular, the allelic potential of the dominant allele is quite near the fixing potential µ C ≅-0.26GEUs, while that of the nearly absent allele is quite high, µ T ≅+9.8GEUs. There are many other SNPs in the MHC region with SNP potentials near the fixing potential. A few other SNPs with allelic potentials indistinguishable from that of rs886420 are rs3130544, rs1265096 and rs9357117.
Another illustrative exemplar is a SNP location at which the alleles exhibit the maximum variation. The SNP rs2734335 at location 32001923 on YRI chromosome 6 is essentially stochastic, contributing a (very high) specific entropy of 0.999954 with highest variation as indicated by its NIC value 0.000046 ≈0. It is not in linkage disequilibrium with any other SNP in this population, and is polymorphic in alleles A and G. Its contribution to the overall SNP potential essentially defines the standard GEU for the human population, GEU
as illustrated in Figure 11 . This SNP represents alleles with the highest possible degree of variation in the given environment, and contributes the highest allelic potential that a single SNP can contribute to the overall genomic free energy.
As exemplars of non-linked SNP locations with zero SNP potential, consider the two locations (rs9276192 at 32807454) and (rs9461841 at 33189191) on chromosome 6 of the YRI population. At each of these locations, the allele G occurs with a probability of 0.97 in the population, while the allele A occurs with a probability of 0.033 in the population, resulting in specific entropy of 0.21 and a NIC value of 0.79 for each of these SNPs. These frequencies, as well as the resultant allelic potentials, are plotted in Figure 12 . Figure 12 . The A and G allelic potentials and frequencies for SNPs with essentially zero SNP potential From this figure, it is clear that although the average SNP potential vanishes, the allelic potentials of the individual alleles do not. Such SNPs with zero SNP potential contribute no cost or benefit to the genomic free energy within the given environment.
We will next examine larger units of maintained information encoded in exemplar SNP haploblocks. A typical SNP haploblock within the YRI population is demonstrated by Block 2836 on chromosome 6, which has 7 SNP locations, (5 of which are dynamic in this population) contributing a specific entropy of 1.42, with a NIC value of 0.80, essentially the same as that for the whole 5 chromosome region of the YRI genome explored to this point. The allelic spectrum of this haploblock is demonstrated in Figure 13 . Because the NIC of this haploblock is very nearly the same as that of all of the chromosomes so far examined, it contributes an essentially negligible block potential of -0.05GEUs to the overall genomic potential of the population, providing a multi-SNP example of the no-GEU-cost SNPs discussed in Figure 12 .
A highly conserved haploblock
We will end by examining the very highly conserved block 3013 on chromosome 6 of the YRI population. This haploblock had the lowest block potential of any on the 10 chromosomes in the 2 populations examined thus far. Haploblock 3013 of the 13548 SNP haploblocks on chromosome 6 of the Yoruba population is located in the MHC region between locations 30,058,189 to 30,164,455. The specific entropy of this haploblock is 3.6 and its NIC is 0.992. The allelic spectrum of its various haplotypes in this environment is demonstrated in Figure 14 .
.
IV. Conclusions
We have developed genomic energy measures for the human genome that relate the distribution of alleles within a stable population to state variables associated with the environment within which that population resides. The state variables defined by common variations utilize the entropy of the statistical distribution of alleles to establish normalized information measures for persistent dynamic units within arbitrary regions of the genome, as well as for the genome as a whole. The normalized information content (NIC) of the whole genome has been found to determine an overall environmental potential that is a state variable that parameterizes the extent to which the environment drives variation and diversity within the population. Once this environmental potential (which is canonically conjugate to the entropy) has been determined, the genomic energies of individual alleles and sets of alleles, as well as statistical average genomic energies for each persistent dynamic unit, can be directly calculated. We showed that the most highly conserved SNP haplotype regions correlate with evolutionarily conserved regulatory mechanisms, such as NATs.
The assignment of genomic energies to individual alleles within a given environment allows the parameterization of specific environmental influences upon shared alleles across populations in varying environments. We are examining simple allelic dependencies upon single environmental parameters for future presentation.
